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The structure of the cofactor-binding fragment of the LysR family
member, CysB: a familiar fold with a surprising subunit
arrangement
Richard Tyrrell†‡, Koen HG Verschueren‡, Eleanor J Dodson, Garib N Murshudov,
Christine Addy and Anthony J Wilkinson*
Background: CysB is a tetrameric protein of identical subunits (Mr = 36,000)
which controls the expression of genes associated with the biosynthesis of
cysteine in bacteria. CysB is both an activator and a repressor of transcription
whose activity is responsive to the inducer N-acetylserine; thiosulphate and
sulphide act as anti-inducers. CysB is a member of the LysR family of
prokaryotic transcriptional regulatory proteins which share sequence similarities
over ~280 residues including a putative helix-turn-helix DNA-binding motif at
their N terminus. The aims of the present study were to explore further the
complex molecular biology and curious ligand binding properties of CysB and
to provide structural insights into the LysR family of proteins.
Results: The crystal structure of a dimeric chymotryptic fragment of Klebsiella
aerogenes CysB comprising residues 88–324, has been solved by multiple
isomorphous replacement and multi-crystal averaging and refined against data
extending to 1.8 Å resolution. The protein comprises two α/β domains (I and II)
connected by two short segments of polypeptide. The two domains enclose a
cavity lined by polar sidechains, including those of two residues whose
mutation is associated with constitutive expression of the cysteine regulon. A
sulphate anion and a number of well ordered water molecules have been
modelled into discrete electron-density peaks within this cavity. In the dimer,
strands βB from domain I and strands βG from domain II come together so that a
pair of antiparallel symmetry-related 11-stranded twisted β-pleated sheets is
formed. 
Conclusions: The overall structure of CysB(88–324) is strikingly similar to
those of the periplasmic substrate-binding proteins. A similar fold has also been
observed in the cofactor-binding domain of Lac repressor, implying a structural
relationship between the Lac repressor and LysR families of proteins. In
contrast to Lac repressor, in CysB the twofold axis of symmetry that relates the
monomers in the dimer is perpendicular rather than parallel to the long axis of
the cofactor-binding domain. This seems likely to place the DNA-binding
domains at opposite extremes of the molecule possibly accounting for CysB’s
extended DNA footprints.
Introduction
Cysteine biosynthesis in Gram-negative bacteria involves
three stages: the uptake of sulphate and its reduction to
sulphide, the O-acetylation of serine by acetyl coenzyme
A catalysed by serine transacetylase, and finally the O-
acetylserine thiol lyase-catalysed reaction of sulphide
with O-acetyl-L-serine to yield L-cysteine [1]. This sul-
phate uptake and reduction pathway is also the primary
method by which the cell ‘fixes’ extracellular sulphate
for use in other sulphur-dependent metabolic processes.
Thiosulphate provides an alternative sulphur source for
L-cysteine biosynthesis. In this instance, thiosulphate
reacts with O-acetylserine to give S-sulphocysteine,
which is in turn converted to L-cysteine. These reactions
involve the products of a total of 22 cys genes dispersed
around the chromosome, of which at least 14 are co-
ordinately regulated and collectively referred to as the
cysteine regulon [1].
Expression of the cysteine regulon is dependent on the
activity of the regulatory protein CysB, the presence of
elevated concentrations of inducer N-acetylserine, and
sulphur limitation [1]. CysB is a tetrameric protein of
identical Mr = 36,000 subunits which binds upstream of
the –35 region of a number of cys promoters and, in the
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presence of N-acetylserine, activates transcription. CysB
also binds to a region which overlaps the RNA polymerase
binding site of its own promoter where it acts as a repres-
sor of transcription. Repression at this site is relieved by
N-acetylserine. The requirement for sulphur limitation
has a twofold origin. Firstly, the activity of serine trans-
acetylase is subject to feed-back inhibition by L-cysteine.
This leads to diminished intracellular levels of O-
acetylserine which in turn leads to lowered concentrations
of the inducer, N-acetylserine. Secondly, sulphide and
thiosulphate act as anti-inducers which prevent derepres-
sion of the cysteine regulon by N-acetylserine [1].
The interactions of CysB with cys promoters are unusually
complex due to the existence of multiple overlapping
binding sites, the absence of well-conserved sequence, and
the involvement of DNA bending [2,3]. A comparison of
the sequences of the cysJIH, cysP, cysK and cysB promoters
from both Escherichia coli and Salmonella typhimurium has
revealed the existence of elements of identity but no strong
consensus sequence that defines a CysB-binding site
(CBS). This correlates with hydroxyl radical footprinting
experiments which show that CysB protects stretches of
sequence which span 40 or more base pairs. Analysis of the
pattern of bases protected by CysB, in combination with
data on the stoichiometry of binding of CysB to different
promoters, has led to the proposal of a model for DNA
binding based on a 19 base pair ‘half-site’ scheme (Figure
1) [3]. Three categories of binding site are defined whose
different half-site spacings and orientations correlate with
different responses to N-acetylserine and DNA bending.
N-acetylserine stimulates binding of CysB to convergently
oriented pairs of half-sites separated by one to two base
pairs. These include the sites associated with the activation
of transcription located upstream of the –35 region of the
cysJIH, cysK and cysP promoters designated CBS-J1, CBS-
K1 and CBS-P1, respectively (Figure 1). N-acetylserine
also stimulates binding to two accessory sites of unknown
function CBS-J2 and CBS-P2. In contrast N-acetylserine
lowers the affinity of CysB for the repressor site CBS-B
and for the accessory site CBS-K2, which are composed of
two half-sites oriented divergently and separated by one or
two helical turns. In addition, N-acetylserine diminishes
the extent of CysB-induced DNA bending of the cysP and
cysK promoters. For these promoters, in the absence of
cofactor, CysB binds to three half-sites, the activation site
and a third half-site oriented towards the activation site
and separated from it by one helical turn (CBS-P1 plus
CBS-P3b or CBS-K1 plus CBS-K2c), and bends the DNA
by ~100° (Figure 1). N-acetylserine inhibits binding to the
third half-site while stimulating binding to the activation
site and the bending angle is lowered to ~50° [2].
CysB is a member of the LysR family of transcriptional
regulatory proteins which comprises more than 100
members [4,5]. Most of these proteins have a dual regula-
tory function, acting as transcriptional activators at one or
several loci whilst negatively regulating transcription of
their own gene. These proteins share amino acid sequence
similarities over an ~280 residue sequence with the strong-
est conservation of sequence in the N-terminal 66 residues
which include a putative helix-turn-helix (HTH) motif
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Figure 1
Schematic diagram of the CysB-binding sites
(CBS) at the cysJIH, cysK cysP and cysB
promoters. The boxes represent 19 base pair
sequences believed to represent half-sites to
which a single subunit binds [3]. At activation
sites (purple), N-acetylserine stimulates CysB
binding and activates transcription. N-
acetylserine also stimulates binding to the
accessory sites (white). N-acetylserine inhibits
binding to CBS-B (red) partially relieving
repression at the cysB promoter. The cofactor
also diminishes binding to the accessory site
CBS-K2 (green). Finally, N-acetylserine can
also influence the extent of bending induced
by binding at the cysK and cysP promoters.
Bending at points indicated by arrows is
induced by binding to both the activation site
and to either half-site K2c or P3b (orange). N-
acetylserine prevents binding at the latter and
simultaneously stimulates binding at the
activation sites. (The figure is adapted from
Colyer and Kredich [27].) 
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proposed to play a role in DNA binding. The genes con-
trolled by the LysR type proteins have diverse roles
including amino acid biosynthesis [6,7], CO2 fixation [8],
virulence in Vibrio cholerae [9], antibiotic resistance [10]
and initiation of nodulation [11].
To explore further the complex molecular biology and
curious ligand-binding characteristics of CysB, and to gain
structural insights into the LysR family proteins, we have
attempted to grow crystals of CysB focusing on the protein
from Klebsiella aerogenes. This protein has similar proper-
ties and close amino acid sequence similarity (95% iden-
tity) to the extensively characterised proteins from E. coli
and S. typhimurium [12]. In the absence of suitable crystals
of the full-length protein, we have turned our attention to
fragments of CysB which constitute structural and/or func-
tional domains. Limited chymotryptic digestion of CysB
from K. aerogenes yields a number of stable fragments,
including two with similar electrophoretic mobilities in de-
naturing polyacrylamide gels, of approximate Mr = 26,000.
In earlier work, we reported the crystallisation of one of
these fragments, which we mistakenly believed to be an
N-terminal fragment CysB(1–233) [13]. These crystals are
in fact of a C-terminal fragment that includes residues
88–324, CysB(88–324). Here we present the refined 1.8 Å
crystal structure of CysB(88–324) elucidated by multiple
isomorphous replacement (MIR) methods in tandem with
multi-crystal averaging.
Results
Structure determination and model
The structure of recombinant CysB(88–324) from K. aero-
genes was elucidated by MIR techniques, using four heavy-
metal derivatives, in combination with multi-crystal ave-
raging. Initial phases, derived from the heavy-atom deri-
vatives (Table 1), were improved by solvent flattening and
histogram matching [14]. The resulting electron-density
maps were of sufficient quality to allow approximately 55%
of the structure to be built. This partial structure was used
as a search model for multi-crystal averaging between the
P21212 and P212121 forms. This averaging regime improved
the maps dramatically such that the entire peptide seq-
uence (residues 88–324) could be traced. The structure has
subsequently been refined against 1.8 Å synchrotron data,
and the refinement statistics are given in Table 2. The
final map shows well-defined density throughout the struc-
ture with the exception of residues 309 to 318, which form
the last α helix, whose sidechains are rather disordered.
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Table 1
Data collection, processing and phasing statistics.
Data set Native 1 Native 2 Native 3 Native 4 Hg Pt1 Pt2 Pb
Data collection and 
processing
Space group P21212 P21212 P21212 P212121 P21212 P21212 P21212 P21212
Cell dimensions (Å)
a 66.58 66.38 64.39 76.68 66.70 66.54 67.16 66.32
b 107.97 107.53 111.45 108.92 109.20 109.06 110.55 108.82
c 32.83 32.74 33.42 60.69 33.30 33.11 33.37 33.13
Wavelength (Å) 0.91 0.91 1.5418 1.5418 1.5418 1.5418 1.5418 1.5418
Resolution range (Å) 10–2.12 20–1.80 15–3.00 20–3.00 20–3.30 30–2.76 15–4.50 20–2.18
Unique reflections 13,668 20,911 4953 10,792 3907 6320 1322 10,844
Mean redundancy 3.5 2.5 2.5 2.3 3.6 4.8 4.1 3.4
Completeness (%)
overall (outer shell) 98.2 (92.4) 93.0 (84.9) 96.2 (91.0) 92.5 (78.7) 97.3 (88.6) 99.2 (96.7) 78.8 (69.5) 84.7 (78.6)
Rmerge*(%)
overall (outer shell) 8.1 (32.6) 4.4 (31.9) 7.9 (27.4) 7.6 (29.8) 5.1 (30.2) 4.6 (28.6) 5.3 (31.7) 7.6 (33.9)
Riso†(%) – – – – 21.4 29.7 24.1 25.6
Phasing statistics¥
No. of sites 2 1 2 2
No. of reflections (centric/acentric) 520/1970# 1205/5091 250/973           1588/9245
Rcullis‡
overall (centric/acentric) 0.66/0.67 0.87/0.91 0.88/0.91 0.77/0.81
outer shell (centric/acentric) 0.81/0.74 0.92/0.92 0.93/0.95 0.71/0.85
Phasing power§
overall (centric/acentric) 1.0/1.4 0.5/0.7 0.5/0.7 0.7/1.1
outer shell (centric/acentric) 0.9/1.2 0.6/0.8 0.3/0.5 0.7/1.0
*Rmerge = Σhkl Σi |I– 〈I 〉|/Σhkl Σi I. †Riso = Σhkl | FPH – Fp| / Σhkl| Fp|; the Riso values were calculated using the native data set termed Native 1. 
‡Rcullis = Σ| FPH ± Fp|–|FHcalc|/Σ|FPH–Fp| . §Phasing power F(H)/E, the rms heavy-atom structure factor amplitudes divided by the lack of closure
error. #Phasing to 3.65 Å. ¥Phasing calculations were based on data set Native 1. The mean figure of merit, to 2.12 Å resolution, was determined to
be 0.422.
Figure 2a shows a representative region of the final
electron-density map, which gives a good indication of the
overall quality of the model. The two major platinum sites
used in the phasing calculations lie on either side of resi-
due His125, whilst the mercury sites are located each side
of the only cysteine residue in the structure, Cys163. The
two lead ions in the lead acetate derivative occupy the
same sites as those of the mercury ions in the ethyl
mercury thiosalicylate (EMTS) soaked crystals. The final
model of the monomer includes amino acid residues 88 to
324, one sulphate anion and 253 water molecules. The
sidechains of a number of residues have been modelled
and refined in two conformations: Lys92, Ser94, Ile116,
Arg121, Ser123, His127, Thr132, Ile134–Ala135, Leu154,
Val159, Val171, Ser183–Val184, Glu191, Thr217, Arg219,
Ser245, Val248, Lys271, Arg290 and Leu295. The small
flexible loop between residues 260 and 263 has also been
modelled in two conformations. The stereochemical para-
meters of the model are good. The root mean square (rms)
deviation in the bond lengths is 0.014 Å and that for the
bond angles is 1.9°. The Ramachandran plot (Figure 2b)
shows that there are no residues in disallowed regions of
φ/ψ space, and that 93% of the residues lie within the most
favoured regions [15]. No sigma cut-off has been used
during refinement and the conventional crystallographic R
factor is 17.9% and the free R factor is 24.6% in the
resolution range 20–1.8 Å. The Rfree was monitored using a
randomly chosen set of reflections comprising 5% of the
unique data set.
Structure of the monomer
CysB(88–324) has an overall ellipsoid shape with an axial
ratio of 2:1 and consists of two similar α/β domains, I and
II, connected by two cross-over regions (residues 163–166
and 266–269; Figure 3). A ribbon representation of the
CysB(88–324) monomer is shown in Figure 3a and Fig-
ure 3b displays a stereoview of the Cα trace of the protein
monomer.
Domain I is made up of two regions of polypeptide chain,
residues 88–162 and 270–292, and consists of five β
strands (βA–βD and βJ) and four α helices (αI–αIII and
αVII). The five strands together form a β sheet with the
topology βBβAβCβJβD in which the orientation of βJ is
antiparallel to the others (Figure 3c). This ‘core’ sheet
within domain I is extended by a sixth strand (βK) formed
by residues 322–324 at the C terminus of the protein.
Three of the four domain I helices are inserted in loop
regions between the core β strands. Two helices (αI and
αII) lie after strand βA and one (αIII) after strand βB. The
fourth helix (αVII) is located after strand βJ. Directly after
helix αVII the polypeptide loops away from the core of
domain I forming the C-terminal arm, consisting of helices
αVIII and αIX and strand βK. The first of the two helices
within this extended region (αVIII) remains well defined,
however, αIX (residues 309–318) has poorly defined
sidechains. Temperature factors for this portion of the
model are very high (average values of ~70 Å2) compared
to the model in general (Table 2).
Domain II is formed from a single stretch of polypeptide
consisting of residues 166 to 265. Its architecture is similar
to that of domain I, with a five-stranded β-sheet inter-
spersed with three α helices, however, it has noticeably
longer loop regions connecting the secondary structure
elements (Figure 3a). The strand order is βIβEβHβFβG
with βE being antiparallel to the others (Figure 3c). The
three helices within domain II (αIV–αVI) lie after strandsβE, βF and βG, respectively. The cross-over segments
which connect the two domains are located between
strands βD and βE and between strands βI and βJ. 
The topology diagram shown in Figure 3c illustrates that
both domains have a ‘Rossmann fold’ like topology. More-
over, leaving aside the C-terminal residues, it is clear that
the two domains are related to one another by pseudo-
symmetry. The Rossmann fold topology and the two-
domain organisation show an obvious resemblance to the
structures of the periplasmic substrate-binding protein
(PBP) family [16]. A search through the database of struc-
turally aligned protein fold families in the programme
DALI [17] suggests that the fold of CysB(88–324) is most
closely related to those of sulphate-binding protein and
lysine/arginine/ornithine-binding protein [18,19].
Interdomain cleft and sulphate-binding site
There is a cavity between the two domains which is
approximately 10 Å deep and 6 Å in diameter. Its surface
is formed by residues in loop regions connecting elements
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Table 2
Refinement statistics*.
Resolution range (Å) 20–1.80
No. of reflections 20,911
R factor (%)† 17.9
Free R factor (%)‡ 24.6
No. of residues 237
No. of nonhydrogen atoms
protein 2038
solvent 253
sulphate 5
Rms deviation from ideality
bonds (Å) 0.014
angles (°) 1.9
Average B factor (Å2)
mainchain 25.2
sidechain 30.2
solvent 43.8
sulphate 18.1
*Refinement calculations were based on data set Native 2. †R factor
= Σhkl||Fobs|–k|Fcalc||/Σhkl|Fobs|.
‡Free R factor = Σhkl⊂T ||Fobs|–k|Fcalc||/Σhkl⊂T|Fobs|, where hkl ⊂T
represents the test data set of 5% of the diffraction data. 
of secondary structure in each of the two domains as well
as by residues in the segments of polypeptide which link
the two domains. 
In the course of model building, it became clear that the
cleft contained significant electron density that could not
be accounted for by protein atoms. We have modelled a
sulphate anion into one of these peaks. As can be seen in
Figure 4a, the electron density associated with the sul-
phate anion has a noticeably tetrahedral character. The
sulphate atoms refine satisfactorily and in the final struc-
ture have temperature factors close to those of neighbour-
ing protein atoms, which are significantly lower than the
average atomic temperature factors in the overall model
(Table 2). As shown in Figure 4b, the sulphate anion
makes an extensive set of hydrogen-bonding interactions
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Figure 2
Overall quality of the CysB(88–324)
structure. (a) Stereoview of the electron
density displayed in the vicinity of the β-sheet
region of CysB(88–324). These σΑ weighted
maps are calculated with Fourier coefficients
2mFobs–dFcalc and αcalc. The map is contoured
at the 1σ level. (b) Ramachandran plot of the
refined CysB(88–324) model. Glycine
residues are denoted by triangles and non-
glycine residues by squares. The different
shadings from darkest grey to white represent
gradations of most favoured regions, over
additional allowed regions and generously
allowed regions, to disallowed regions. (The
plot was generated in the programme
PROCHECK [44].)
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with protein mainchain and sidechain groups as well as
surrounding water molecules. Hydrogen-bonding partners
include the sidechains of four surrounding threonine
residues (Thr100, Thr102, Thr149 and Thr202), the
sidechain amide NH2 group of Gln103, the backbone
amide group of Thr149 and two water molecules (Figure
4b). Sulphate is an obligate hydrogen-bond acceptor in
these interactions and all of its neighbours in the
CysB(88–324) cavity are capable of donating a hydrogen
bond to the anion without compromising their hydrogen-
bonding interactions with neighbouring groups. 
The sulphate anion is situated at the bottom of the cleft,
whose base is formed by segments of the polypeptide
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Figure 3
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The overall fold of the CysB(88–324) monomer. (a) Stereoview of the
course of the mainchain of the CysB(88–324) monomer highlighting
elements of secondary structure. α Helices are represented as ribbons
and β strands as arrows in dark colouring; the N and C termini
(residues 88 and 324, respectively) are labelled. (The figure was
drawn using MOLSCRIPT [45].) (b) Stereoview Cα trace of
CysB(88–324) with numbering at indicated positions along the chain.
The N and C termini are marked. (c) Topological arrangement of the
secondary structure elements in CysB(88–324). α-Helices are
represented as rectangles and β strands as arrows. The two domains, I
and II, and the C-terminal segments are shaded differently. The chains
comprise strand A (residues 93–99), helix I (101–106), helix II
(109–118), strand B (121–128), helix III (131–139), strand C
(145–148), strand D (158–166), strand E (168–172), helix IV
(186–190), strand F (193–197), helix V (205–213), strand G
(219–224), helix VI (227–235), strand H (240–244), strand I
(257–260), strand J (268–275), helix VII (282–291), helix VIII
(297–305), helix IX (309–318) and strand K (322–324).
which link the two domains, including residues Trp166
and Thr270. Occupying the remainder of the volume of
the cavity are five buried water molecules which form a
network of interactions among themselves, with surround-
ing protein groups and with the sulphate species. These
water molecules occupy a channel that leads from the sul-
phate anion to the protein surface (Figures 4 and 5). The
cavity is lined by polar sidechain and mainchain groups
from disparate regions of the polypeptide. These include
residues His101, Gln128, Gly129, Pro131, Glu150, Tyr197
and Thr225 in addition to those already mentioned. 
The cleft is narrowed at one end by the C-terminal
portion of helix αI. Entry into, and exit from, the cleft
appears to be sterically restricted and this accessibility is
even more limited by dimer formation (see below). 
Structure of the dimer 
In the P21212 crystals, the CysB monomer that constitutes
the asymmetric unit forms an extensive and intimate set
of interactions with a neighbouring molecule to which it is
related by the crystallographic twofold axis of symmetry.
The interface between these two molecules buries a
surface area of ~2400 Å2 on each molecule. This is a much
larger contact area than is usually associated with inter-
molecular crystal packing interactions, which typically
involve the burial of ~300 Å2 of surface area. In the
P212121 crystal form, the two molecules in the asymmetric
unit which are related by a non-crystallographic dyad axis,
form the same set of extensive interactions. We conclude
therefore, that CysB(88–324) is a dimer in both crystal
forms as anticipated from gel-filtration studies which gave
an estimated Mr = 50,000 for CysB(88–324) in solution.
This is in contrast to the full-length CysB protein which is
a tetramer.
In the dimer, domain I in the first molecule comes to-
gether with domain II in the second molecule in a side-by-
side arrangement and these contacts are duplicated
between domain II in the first molecule and domain I in
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Figure 4
The sulphate anion binding site. (a)
Stereoview of the sulphate anion and
surrounding protein residues. The electron-
density map displayed was calculated with
coefficients mFobs–dFcalc and calculated
phases after the sulphate ion had been
omitted from the coordinate set and the
structure subjected to five cycles of
refinement using REFMAC [43]. The map is
contoured at the 4σ level. Oxygen atoms are
coloured red, nitrogen atoms blue, carbon
atoms pale green, sulphur is coloured yellow
and buried water molecules are represented
by white spheres. (b) Interactions of the
sulphate anion (depicted in thick lines and
lettering) with surrounding protein and buried
solvent groups. Hydrogen-bonding/
electrostatic interactions are indicated by
dashed lines. The distances between the
polar groups are given in units of Å. 
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the second. Subunit contacts are made between main-
chain hydrogen-bonding groups of strand βB in domain I of
one molecule, and strand βG from domain II in the second
molecule. As a result the six-stranded β sheet in domain I
is extended across the five-stranded β sheet in domain II
of the neighbouring molecule to form an extended 11-
stranded β sheet. The pair of 11-stranded twisted β-
pleated sheets present in the dimer presumably con-tri-
butes to its evident stability. A ribbon representation of
the dimer is shown in Figure 5a. Intermolecular contacts
in the dimer involve residues between 101 and 116, 123
and 133, 219 and 229 and between 232 and 238. 
Dimer formation further limits access to the cleft in which
the sulphate anion is located. Upon dimer formation the
entrances of the clefts from each subunit are brought
together, giving rise to what can be viewed as an internal
channel, with the two sulphate anions lying 22 Å apart
(Figure 5b). 
Crystal contacts
Apart from the dimer interface in the P21212 crystal form,
CysB(88–324) makes few contacts with neighbouring mol-
ecules in the crystal lattices. The principal contacts in-
volve the N-terminal residues, and residues in the loops
connecting αIII to βC, βE to αIV, αV to βG, βH to βI and βJ to
αVII. The paucity of crystal contacts along the z direction
appears to allow small but significant (up to 5°) rotations of
the dimer about the twofold axis in the crystal, which
accounts for the lack of isomorphism frequently encoun-
tered among these crystals.
Discussion
Tertiary structure and cavity
The tertiary structure of CysB(88–324) is closely similar to
that observed in the family of PBPs which serve as recep-
tors for transport systems responsible for the uptake of
nutrients in Gram-negative bacteria; many of these pro-
teins are also chemotaxis receptors. Each receptor is
1024 Structure 1997, Vol 5 No 8
Figure 5
The CysB(88–324) dimer. (a) Stereoview plot
of the CysB(88–324) dimer drawn using
MOLSCRIPT [45]. The view is along the z
direction of the crystal. The edge strands of
the β sheet in domain I of one monomer align
with the edge strands of the β sheet of
domain II in the other monomer to form an 11-
stranded twisted β-pleated sheet (dark
colouring). The N-terminal residues of the
respective monomers, denoted N and N′ are
located at opposite ends of the dimer in the
vertical direction while the C-terminal
residues, denoted C and C′ respectively, are
located at opposite ends of the dimer in the
horizontal direction. The sulphate anion and
the sidechain atoms of Thr100, Thr102,
Thr149, Trp166 and Thr202 are shown in
ball-and-stick representation. (b) Section
through the CysB(88–324) dimer. In this
space-filling rendering, the protein atoms of
the respective monomers are coloured green
and white. The sulphate anions are coloured
yellow and solvent molecules are coloured in
red. The figure illustrates the enclosure of the
sulphate anion in the protein with
neighbouring water molecules forming a
channel to the protein surface. 
N
N′
C C′ C′
N
C
N′
(a)
(b)
monomeric containing two α/β domains linked by two or
three segments of the polypeptide chain. They capture
their ligands by a mechanism that has been likened to a
Venus fly-trap, with a large relative movement of the two
domains leading to enclosure of the ligand and its seques-
tration from bulk solvent into a buried cavity [20]. The
enclosure of the ligand in this way affords the opportunity
for extensive complementary protein–ligand interactions
which accounts for the exquisite selectivity these proteins
generally exhibit towards their ligands. 
A similar structural organisation is also observed in por-
phobilinogen deaminase, the transcription antitermina-
tion factor AmiC, lactoferrin and the cofactor-binding
domains of the purine (PurR) and lactose (Lac) repres-
sors, which are members of the LacR family of transcrip-
tional repressors [21–24]. Collectively, the Lac repressor,
LysR and the PBP families of proteins bind many differ-
ent classes of compounds, including sugars, amino acids
and peptides, anions, vitamins and nucleic acids. In each
case, the majority of interactions formed with the ligand
is made by sidechains which reside on the loops connect-
ing the elements of secondary structure within the two
domains. The Rossmann fold organisation of each domain
clearly represents a robust scaffold on which to develop a
set of largely buried loops with versatile ligand-binding
potential. The large domain movements which accom-
pany ligand-binding provide an effective mechanism for
transducing signals. 
The finding that a sulphate anion is located in the binding
cavity of CysB was unexpected and is particularly intrigu-
ing in view of the close similarity of the folds of the CysB
fragment and the periplasmic sulphate-binding protein.
The source of this sulphate is likely to be the ammonium
sulphate used as a precipitant in a fractionation step
during protein purification. Its retention in the protein
throughout the subsequent steps of purification, proteoly-
sis and crystallisation, all carried out in the absence of sul-
phate ions, implies tight binding. Retention of ligands in
this way is a hall-mark of the PBPs [25]. There are no
cationic sidechains in the vicinity of the buried sulphate to
act as counter ions, a phenomenon also noted for sulphate
bound to the periplasmic sulphate-binding protein [18].
Along with the sulphate anion in the cavity are five buried
water molecules. Burial of water molecules frequently
accompanies ligand binding in the PBPs [26]. 
Although sulphate is a cysteine precursor, there is no
evidence to suggest that it has any physiological role in
controlling the expression of the cysteine regulon. Thiosul-
phate, which acts as an anti-inducer of expression of the
cysteine regulon has an obvious structural similarity to
sulphate. They share the same shape and charge (2–) differ-
ing only in their size. It is therefore possible that thiosul-
phate occupies the cavity in its action as an anti-inducer.
Thiosulphate could then reverse the transcriptional stimu-
lation by N-acetylserine through competitive inhibition if,
as discussed below, N-acetylserine also binds in this pocket
as part of its action as inducer of the cysteine regulon. 
It seems likely that the cavity formed between the two
domains represents the N-acetylserine binding site. This
assertion is supported by four observations. Firstly, the
ligand-binding site in all of the proteins which share the
PBP protein fold, is situated in the cavity formed be-
tween the domains. Secondly, mutation of two of the
residues whose sidechains contribute to the surface of the
sulphate-binding cavity (Thr149 and Trp166) is associ-
ated with a cysc phenotype, in which expression of the cys-
teine regulon is activated by CysB independently of the
presence or absence of N-acetylserine [27]. Thirdly, N-
acetylserine binding to CysB is associated with a large
increase in tryptophan fluorescence consistent with the
location of the indole ring of Trp166 in the binding
pocket [12]. Fourthly, N-acetylserine has been modelled
into the cleft and the CysB(88–324)–N-acetylserine com-
plex has been energy minimised using the programme
CHARMM [28]. Accommodating the N-acetylserine spe-
cies requires no dramatic changes in the protein structure
apart from the displacement of the sulphate anion and
two neighbouring water molecules. The carboxylate group
of N-acetylserine occupies in part the position of the sul-
phate anion and is able to form hydrogen bonds with the
sidechains of Gln103, Thr149 and Thr270. The carbonyl
oxygen and amide groups of the N-acetyl species form
hydrogen bonds to the sidechains of Thr100, Thr102 and
Thr202, while the hydroxyl group of the serine sidechain
can form a hydrogen bond to the backbone amide group
of Thr202.
CysB(88–324) more closely resembles the ‘closed’ lig-
anded than the ‘open’ unliganded forms of PBPs, which
are distinguished by domain rotations of 26–54° [20,29].
These movements result from changes in the mainchain
bond angles of just a few residues in the ‘hinge’ segments
which connect the domains. This would suggest that
CysB(88–324) has crystallised in the closed form. How-
ever, in CysB, the pair of 11-stranded β sheets that span
the dimer are likely to limit severely the extent of hinge
opening. In this context, comparison of the isopropyl-β-
D-thiogalactopyranoside (IPTG)-bound and unliganded
forms of Lac repressor, where quaternary constraints also
exist, reveals only very slight adjustments of the domain
orientations [30]. 
The LysR family of proteins
The LysR type transcriptional regulator (LTTR) proteins
show sequence similarities over an extended ~280 amino
acid residue segment of polypeptide [4,5]. The closest
similarities are observed in the N-terminal 66 residues
which are proposed to include a HTH motif responsible
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Figure 6
Helix-turn-helix
1
2
3
4
CysB    1-60   MKLQ....QLRYIV EVVNHNLNVS STAEGLYTSQ PGISKQVRML EDELGIQIFA RSGKHLTQVT
 CysB(Th.r.)    MDVR....QLRSLV CLVEVRFSVS RAAECLHLVQ SAVTQHLKQL EAELGTRLFV HGKRLVGLT
AmpR    1-63   MTRSYLPLNSLRAF EAAARHLSFT HAAIELNVTH SAISQHVKTL EQHLNCQLFV RVS.RGLMLT 
OxyR    1-58   MNIR....DLEYLV ALAEHRHFRR .AADSCHVSQ PTLSGQIRKL EDELGVMLLE RTS.RKVLFT
OccR    1-58   MNLR....QVEAFR AVMLTGQMTA .AAELMLVTQ PAISRLIKDF EQATKLQLFE RRG.NHIPPT
NahR    1-63   MELRDLDLNLLVVF NQLLVDRRVS ITAENLGLTQ PAVSNALKRL RTSLQDPLFV RTH.QGMEPT 
NodD    1-63   MRFKGLDLNLLVAL DALMTERKLT AAARSINLSQ PAMSAAISRL RDYFRDDLFI MQR.RELVPT
CysB   61-120  PAGQEIIRIA REVLSKVDAI KSVAGEHTWP DKGSLYVATT HTQARY.ALPG VIKGFIERYP
 CysB(Th.r.)    EVGEQVLRHA CEALRQTGNI VAVGREHLEE ERRRIRLGAT HTQARY.VLPP VIRRFAAAYP
AmpR   64-121  TEGENLLPVL NDSFDRIAGM LDRFANHRAQ EK..LKIGVV GTFATG.VLFS QLEDFRRGYP
OxyR   59-118  QAGMLLVDQA RTVLREVKVL KEMASQQGET MSGPLHIGLI PTVGPY.LLPH IIPMLHQTFP
OccR   59-118  QEAKTLWKEV DRAFVGLNHI GNLAADIGRQ AAGTLRIAAM PALANG.LLPR FLAQFIRDRP
NahR   64-124  PYAAHLAEPV TSAMHALRAN LQHHESFTPL TSERTFTLAM TDIGEIYFMPR LMDVLAHQAP
NodD   64-124  PRAEALAPAV REALLHIQLS VAIWDPINPA ESDRRFRIIL SDFMALVFFDK IIERLAREAP
CysB  121-180  RVSLHMHQGS PTQIAEAVSK GNADFAIATE ALHLYDDLVM LPCYHWNRSI VVTPEHPLAT
 CysB(Th.r.)    AVELQIHQGT PGQLVDMALR DLVDLAICTE ALGDEIALQT IPCYRWNRCL IAPRSHAVLD
AmpR  122-176  HIDLQL..ST HNNRVDPAAE G.LDYTIRYG GGAWHGTEAE FLCHAPLAPL .CTPDIAAS.
OxyR  119-177  KLEMYLHIAQ THQLLAQLDS GKLDCVILAL VKESEAFIEV PLFDEPMLLA IYE.DHPWAN
OccR  119-176  NLQVSLMGLP SSMVMEAVES GRADIGYADG PQERQGFLIE TRSLPAVVAV PMG..HRLAG
NahR  125-182  NCVISTVRDS SMSLMQALQN GTVDLAVGLL PNLQTGFFQR RLLQNHYVCL .CRKDHPV.T 
NodD  125-183  GVSFELLPLD .DDPEELLRR GDVDFLILPD LFMSGAHPKA RLFEERLVCV GCPTNEQLQG
CysB  181-240  KGSVSIEELA QYPLVTYTFG FTGRSE.LDTA FNRAGLTPRI VFTATDADVI KTYVRLGLGV
 CysB(Th.r.)    LQSITLAALC TVPIITYVFG FTGRGG.FSDV FSRAGLHPNV VLSAADTDVI KTYVREGLGV
AmpR  177-232  LHS.PADILR FTLLRSYRRD EWTAWMQAAGE HPPSPTHRVM VFDSSVTMLE ....AAQAGV
OxyR  178-237  RECVPMADLA GEKLLMLEDG HCLRDQ.AMGF CFEAGADEDT HFRATSLETL RNMVAAGSGI
OccR  177-234  LDRVTPQDLA GERIIKQETG TLFAMR.VEVA IGGIQRRPSI EV..SLSHTA LSLVREGAGI
NahR  183-236  REPLTLERFC SYGHVRVIAA GTGHGE.VDTY MTRVGIRRDI RLEVP..HFA AV....GHIL
NodD  184-242  QL..SLEQYM SMGHVAAKFG RGLKPSVEQWL LMQHGLKRRI ELVVPGFNLI PPLLSGTNRI
CysB  241-300  GVIA.SMAVDP VSDPD.LVKLD ANGIFSHSTT KIGFRRSTFL RSYMYDFIQR FAP..HLTRDVV
 CysB(Th.r.)    GIIA.ALAYQP RDDAD.LGIRD LADLFPWEVT KIAYARGKYL RRFHEHFIDI FKR..CTGDISG
AmpR  233-290  GAIAP...VDM FTHLLASERIV QPFATQIELG SYWLTRLQSR AETPAMREFS RWLVEKMKK 
OxyR  238-300  .TLLPALAVPP ERKRDGVVYLP CIKPEPRRTI GLVYRPGSPL RSRYEQLAEA IRARMDGHFDKV
OccR  235-294  ATIDPAAAIE. FTDRIVLR.PF SIFIDAGFLE VRSAIGAPST IVDRFTTEFW RFH..DDLMKQN
NahR  237-298  QRTDL.LATVP IRLADCCVEPF GLSALPHPVV LPEIAINMFW HAKYHKDLAN .IWLRQMLFDLF
NodD  243-305  ATI.PLRLVKH YERTIPLRIIE HPLPLVSFTE AVQWPALHNT DPGNIWMREI MIQEALRMESEM
CysB  301-324  DTAVALRSNE DIEAMFKDIK LPEK
 CysB(Th.r.)    EHAEASLRAQ TGTRAMKDRV IAD
 AmpR    
OxyR  301-305  LKQAV
OccR  295-298  GLME
NahR  299-300  TD
NodD  306-310  ESCTS
for DNA binding. For CysB the proposed HTH spans
residues 19–38 [31]. The LTTRs are either homodimers
or homotetramers of polypeptides of 270–330 residues in
length, which bind upstream of the RNA polymerase
binding site at their target promoters and in the presence
of coinducer stimulate transcription initiation. In many
cases, though not for CysB, their target genes are linked to
and transcribed divergently from the gene encoding the
LTTR itself. Frequently, as for CysB, the genes encoding
the LTTR itself are negatively autoregulated.
The extended sequence similarity among the LTTR
family of proteins suggests strongly that they share the
same tertiary structure. As a result the three-dimensional
structure of the cofactor-binding domain of CysB forms a
basis for analysing the sequences of other LTTRs, of which
some 100 have now been identified across diverse prokary-
otic genera. The conservation of residues at particular posi-
tions in the sequence can help to pinpoint regions of the
structure with important structural or functional roles. An
alignment of six LTTRs that have been characterised in
detail and for which mutational data are available is pre-
sented in Figure 6. These proteins activate the transcrip-
tion of sets of genes involved in symbiotic nitrogen fixation
(nodD), octopine catabolism (OccR), naphthalene catabo-
lism (NahR), antibiotic resistance (AmpR) and the response
to oxidative stress (OxyR) [5]. Their cofactors belong to dif-
ferent classes of compounds including flavenoids, octopine,
salicylate and β-lactams. In the case of OxyR, the induced
form of the protein is produced by covalent modification of
Cys199 by oxidants such as H2O2 [32]. The sites of a num-
ber of mutations in these LTTRs which result in altered
phenotypes have been mapped and, in many cases, the
mutant proteins have been characterised in vitro. 
In general mutations which affect DNA binding map
within the N-terminal 66 residues. Such mutations include
the Ser34→Arg variant of CysB which is neither able to
activate the cysteine regulon nor repress transcription of
cysB [33]. Ser34 is well conserved among the LTTRs and
located in the second helix of the predicted HTH motif.
Mutations which result in altered cofactor binding and res-
ponsiveness show a less obvious pattern from the sequence
alignment, being scattered over residues 95–173 and 196–
206 [5]. However, the sites of these mutations show defi-
nite clustering when the sequences are aligned against
the three-dimensional structure of CysB(88–324). There
is a noticeable preponderance of these sites around the
cavity in which the sulphate anion is located. Thus, the
occurrence of mutational ‘hotspots’ clustered around
residues Thr100–Thr102, Thr149 and Thr202 (indicated
by the boxed regions 1, 2 and 3 in Figure 6) support the
idea that this cavity represents the inducer-binding site.
Cys199 in OxyR, the oxidation of which triggers activa-
tion of the response to oxidative stress [32], is also located
in this pocket, aligning with Thr202 whose hydroxyl
group donates a hydrogen bond to the sulphate in CysB
(Figure 6).
A second group of mutations which map between residues
245–260 (box 4 in Figure 6) are more difficult to explain.
They are situated on a loop that lines a groove across the
dimer surface and may interfere with DNA binding or
multimerisation. The third notable clustering of sites
where mutations interfere with cofactor responsiveness
and cofactor dependence is at the interface between the
two monomers in the dimer (Figure 7). The dimerisation
interface is formed principally by helices αI and αII and
strand βB of domain I packing against helix αVI and strandβG of domain II. These regions in the structure are partic-
ularly well conserved even among CysB proteins whose
sequences differ substantially (Figure 6). For example,
the residues at the dimer interface are strongly conserved
in CysB from Thiocapsa roseopersicina (Genbank accession
number U75513), more so even than the residues of the
putative HTH (Figure 6).
Implications for DNA binding
Possible insights into the mode of DNA binding by CysB
from the crystal structure of CysB(88–324) are limited for
two reasons. Firstly, the fragment lacks the N-terminal 87
residues which include the putative HTH DNA-binding
domain. Secondly, and equally importantly, whereas full-
length CysB is a tetramer, CysB(88–324) is a dimer of
identical construction in two crystal forms. In the crystals
belonging to space group P21212 the dimer is generated by
crystallographic symmetry, in contrast in the P212121 crys-
tals the asymmetric unit is the dimer. Some discussion of
DNA binding is warranted however, in view of the similari-
ties and differences between the structure of CysB(88–324)
and those of the cofactor-binding domains of the PurR and
Lac repressors, and in view of the complex half-site ar-
rangements at the various cys promoters [3,23,30]. 
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Figure 6 
Alignment of the amino acid sequence of CysB with the sequences of
other well characterised LysR family members: AmpR from
Enterobacter cloaca (Genbank accession number X04730), OxyR
from Escherichia coli (J04553), OccR from Agrobacterium
tumefaciens (M65108), NahR from Pseudomonas putida (M22723),
NodD from Rhizobium leguminosarum (sequence taken from [46]) and
CysB from Thiocapsa roseopersinica (U75513). The alignments were
made in the programme PILEUP (Wisconsin Package Version 9.0,
Genetics Computer Group (GCG), Madison, Wisconsin) and
subsequently adjusted manually. Residues identical to Klebsiella
aerogenes CysB(88–324) are coloured purple while similar residues
are coloured light blue. The secondary structure elements are drawn
across the top of the sequences with α helices shown as zig-zag
shapes and β strands as green boxes. The dashed line represents
residues 1–87 whose structure is not known with the putative helix-
turn-helix region indicated. Residues whose mutation affects cofactor
responses are drawn in bold red and residues whose mutation leads to
loss of DNA binding are in bold red italics. Boxes 1 to 4 represent
mutational ‘hotspots’.
A comparison of the structure of the CysB(88–324) dimer
with that of the cofactor-binding domain of Lac repressor
(residues 62–357) bound to a gratuitous inducer of the lac
operon, IPTG, is shown in Figures 8a and b. Lac repressor
is a tetramer comprising a pair of dimers one of which is
shown. It is immediately apparent that the arrangement of
the subunits in the two proteins is different. In Lac
repressor the twofold axis of symmetry which relates the
two monomers of the dimer is parallel to the long axis of
the cofactor-binding domain, whereas in CysB(88–324)
the dyad axis is perpendicular to this direction. As a result
the DNA-binding domains, which reside in the N-termi-
nal segments of both proteins, are attached at same end of
the dimer in Lac repressor, but at opposite ends of the
dimer in CysB. For the Lac repressor, 61 residues are dis-
ordered in the crystals of the complex with IPTG and are
not visible in the electron-density maps. These residues
become ordered in the presence of DNA and extend
through a linker (residues 46–62) from the cofactor-
binding domain to the DNA-binding head piece of 45
residues, which includes the HTH (residues 6–25) bound
to DNA (Figure 8c). The linker segments of each mono-
mer of the Lac repressor dimer lie side-by-side with the
head pieces projecting into adjacent major grooves of a 21
base pair lac operator DNA fragment composed of two ten
base pair inverted repeats [30].
Clearly for CysB the arrangement of the two DNA-
binding head pieces in the dimer is different and the
most likely possibility is that they are separated by a
greater distance than in the Lac repressor. One obvious
assumption to consider is that the DNA-binding head
piece is attached to the cofactor-binding domain in a
similar manner to that seen in Lac repressor. This would
extend the long axis of each monomer by ~30 Å and
extend the long axis of the dimer from ~65 Å to ~125 Å,
without taking into account the fact that the length of
polypeptide upstream of the cofactor binding domain
may be up to 30 residues longer in CysB (~87 residues)
than in the Lac repressor and PurR (~62 residues). There
is no direct evidence to support such a structural organisa-
tion and other arrangements are possible. However, it has
been proposed that interactions between CysB and DNA
(Figure 1) involve individual subunits of the CysB
tetramer binding to 19 base pair half-sites. Thus, at the
activation sites CBS-J1, CBS-K1 and CBS-P1, two sub-
units each bind to 19 base pair half-sites oriented conver-
gently and separated by either one or two base pairs [3].
These half-sites are twice as long as the half-sites recog-
nised by Lac repressor and PurR. A full binding site
therefore comprises ~40 base pairs which would span
~140 Å of B-form DNA, a distance similar to the separa-
tion of the head pieces predicted by the simple model
described above. The DNA might then follow a path
from one HTH domain to the other, trailing diagonally
across the cofactor-binding domains presumably forming
interactions significant enough to confer protection
against cleavage promoted by hydroxyl radicals. The
pseudo-twofold axis relating the two DNA half-sites would
be expected to coincide with the twofold axis of symme-
try relating the two monomers in the dimer. As shown in
Figure 9, there are shallow grooves on both faces of the
dimer which may, with some structural adjustment, accom-
modate a DNA duplex. Arguing in favour of the front face
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Figure 7
Mapping mutations among LysR family
proteins onto the CysB(88–324) structure.
Two views of the CysB(88–324) monomer:
(a) front view, (b) side view. The sidechains of
residues whose mutation among LysR family
proteins leads to altered cofactor responses
are shown in red ball-and-stick representation.
The sulphate anion is coloured in yellow.
Mutations after residue 270 in CysB have
been omitted as the alignments are rather
poor in this region.
(a) (b)
of the dimer as a DNA-binding surface are its wider and
deeper groove (~17 Å wide and ~12 Å deep) and its more
electrostatically positive character (Figure 9a). On the
other hand, a number of mutations that interfere with
cofactor-dependent responses (those in box 4 of Figure
6), including four mutations in NahR which interfere with
DNA binding, map onto the inner faces of the bulges
emanating from the rear face of the molecule (Figure 9b).
This tends to argue that the rear face of the molecule par-
ticipates in DNA binding although this would require
slight structural adjustments of the loop regions that form
the bulges which are ~13 Å apart. Clearly further experi-
ments are needed to test these hypotheses.
The C-terminal helices in Lac repressor are responsible
for tetramerisation, coming together to form a four-helix
bundle with one helix being contributed by each of the
four monomers (Figure 8c). In the CysB dimer, the C-ter-
minal residues (292–324) of each monomer form a pair of
helices, only loosely associated with the core of the
protein, which are followed by a short segment of two to
three residues which form the edge strand of the β sheet.
As these segments of polypeptide are situated on opposite
sides of the dimer, it seems unlikely that they are involved
in constructing a tetramer similar to that seen in Lac
repressor. PurR, which has a closely similar tertiary struc-
ture to Lac repressor, lacks the C-terminal helices of the
latter and is active as a dimer [23]. This dimer has the
same symmetry as the dimer observed within the intact
Lac repressor (shown in Figure 8b) and not that of the
CysB(88–324) dimer (shown in Figure 8a).
A different model for DNA binding by the LTTR family
member OxyR has been proposed based on shorter half-
site sequences with a different organisation [34]. This
model has been extended to account for the action of
OccR [35]. It is proposed that the OxyR tetramer is a
dimer of dimers which can bind to DNA such that the four
subunits of the tetramer occupy either four adjacent DNA
major grooves in the induced state, or pairs of adjacent
major grooves separated by one turn of the DNA helix in
the uninduced state. This requires a side-by-side arrange-
ment of the two DNA-binding domains in the dimer, and
of all four DNA-binding domains in the tetramer in its
induced state. This begs the question of whether a single
unifying mechanism of action can account for transcrip-
tional activation among all the LTTR family proteins, or
whether there exist subfamilies with distinct subunit
organisations which form different complexes with DNA.
There are sufficient differences in the genetics and mol-
ecular biology of the LTTR proteins to make the latter a
possibility. For instance, there is variety in the subunit
composition of LTTR proteins (dimers and tetramers)
and in the genetic organisation of the regulons: for exam-
ple expression of some, but not all, of the LTTRs is nega-
tively autoregulated and the genes encoding some, but not
all, LTTRs are closely linked to, and transcribed diver-
gently from, other genes of the regulon.
Transcriptional activation 
Transcriptional activators act by recruiting RNA polymer-
ase to promoter sequences, and it has been demonstrated
that a wide array of activator–polymerase interactions can
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Figure 8
Comparison of the structure of CysB(88–324) with Lac repressor. 
(a) The CysB(88–324) dimer. Domains I are coloured in red, domains
II are coloured in blue with the C-terminal residues (292–324)
coloured in green; the sulphate anion is shown in yellow. (b) Ribbon
diagram of Lac repressor with bound IPTG (yellow) [30]. One dimer
from the tetramer is displayed. The DNA-binding domain is disordered
in these crystals. The two cofactor-binding domains are coloured red
and blue with the C-terminal segments coloured green. (c) The Lac
repressor tetramer bound to a pair of 21 base pair lac operator DNA
fragments [30]. The protein is coloured as in (b) with the DNA-binding
head pieces at the N terminus coloured in orange. The atoms of the
DNA molecules are represented as solid spheres coloured according
to atom type. (The figures are drawn using MOLSCRIPT [45].)
effect recruitment [36]. It is, therefore, little surprise that
CysB has no obvious structural similarity to other bacterial
transcriptional activators whose structures have been deter-
mined, such as the catabolite gene activator protein (CAP)
and AraC [37,38]. CysB is believed to form interactions
with the α subunit of RNA polymerase, as some mutations
in rpoA, the gene encoding this subunit, lead to a cys– phe-
notype [1]. The residues on CysB which mediate these
contacts are undefined. However, as the binding of CysB
to activation sites at cys promoters does not result in activa-
tion of transcription in the absence of N-acetylserine, the
important residues may reside on the surfaces brought
together by the relative domain movements which must
accompany cofactor binding.
Conclusions
The structure of the cofactor-binding domain of CysB is
closely related to those seen in the PBP and Lac repressor
families. The study reveals two unexpected findings. The
first is the location of a sulphate anion in the binding site,
the second is the contrasting organisation of the subunits
in the dimer with that of the corresponding subunits in
members of the Lac repressor family. The similar tertiary
structures of the monomers imply that the Lac repressor
and LysR families are related. The structure raises impor-
tant questions to be addressed by further experiments.
Firstly, how are the DNA-binding domains disposed with
respect to the cofactor-binding domains? Secondly, how is
the CysB tetramer organised, and thirdly do all the LysR
family proteins have the same structural organisation and
to what extent are their mechanisms of action related?
Biological implications
CysB is a tetrameric DNA-binding protein which is
responsible for coordinating the expression of the cys-
teine regulon, a group of genes encoding factors required
for cysteine biosynthesis and sulphur assimilation in
Gram-negative bacteria. The crystal structure of the
cofactor-binding domain of CysB, encompassing resi-
dues 88–324, provides the first direct insight into the
three-dimensional structure of a LysR type transcrip-
tional regulator (LTTR). This family now has over 100
members assigned to it so that it ranks, after the two-
component response regulators, as the second largest
family of transcriptional activators. The structure re-
veals a domain architecture reminiscent of the periplas-
mic solute-binding proteins (PBPs). Thus, CysB(88–324)
is made up of two domains linked by two segments of the
polypeptide chain which, by analogy with the PBPs,
might be expected to serve as a hinge permitting relative
domain movements to take place as cofactor molecules
are captured and then trapped in an enclosed cavity.
Sites of mutation in LTTRs, which lead to inappropriate
responses to cofactor, align in the sequence of CysB
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Figure 9
Stereoview GRASP representations of the
surface of the CysB dimer. Positively and
negatively charged potentials are represented
in blue and red, respectively. (a) Front view
with the dimer oriented as in Figure 8a; (b)
view of the dimer from the rear.
with residues which in the structure surround the inter-
nal cavity, suggesting that the cavity does indeed repre-
sent the cofactor-binding site. The quaternary
organisation of the CysB(88–324) dimer appears to be
quite different to the organisation observed in Lac
repressor whose cofactor-binding domains also resemble
PBPs. This different topology suggests that the spatial
location of the DNA-binding head pieces, which reside
in the N-terminal ~60 residues in both proteins, are dif-
ferent in the LysR and Lac repressor families. 
Materials and methods
Preparation and crystallisation
CysB(88–324) was produced by limited chymotryptic digestion of the
full-length K. aerogenes CysB protein. The full-length protein was overex-
pressed in E. coli B834.pLysS cells using the pKK223-3 expression
vector. Preparation and purification of the full-length protein has been
previously described [12]. Following proteolysis, CysB(88–324) was
purified to homogeneity using a Pharmacia Mono Q (HR 5/5) ion-
exchange column. CysB(88–324) was subsequently extensively buffer
exchanged into Milli Q water and concentrated to 6 mg/ml for crystallisa-
tion. Crystals were grown from 14% mono-methylether polyethylene
glycol (PEG) 750 in 0.1 M 2-[N-morpholino]ethanesulphonic acid (MES)
buffer, pH 6.5, from hanging drops by vapour diffusion, and crystals
appeared within 48 h. Crystals grew in either of two orthorhombic space
groups: P21212 with cell dimensions of either a = 66.4 Å, b = 107.5 Å
and c = 32.7 Å or a = 64.4 Å, b = 111.5 Å and c = 33.4 Å; and P212121
with unit cell dimensions of a = 76.8 Å, b = 108.9 Å and c = 60.7 Å. The
variation within the cell dimensions and different crystal forms was
exploited in the later stages of map improvement. 
Data collection
Native and derivative data were collected either on an R-axis II imaging
plate mounted on a Rigaku rotating copper anode X-ray source
(λ = 1.5418 Å), operating at 50 kV and 90 mA, or on beamline X11
using synchrotron radiation and a 300 mm MAR Research scanner at
the EMBL outstation at DESY Hamburg, Germany. All data were col-
lected at room temperature, using crystals mounted in quartz capillar-
ies, and all data sets were collected from single crystals. Data sets
were processed using DENZO [39] and scaled using the CCP4 suite
of programs [40]. Statistics for all the data sets used in the structure
solution are given in Table 1.
Phase determination and averaging
The search for suitable heavy-atom derivatives was bedevilled by fluctu-
ations in unit cell dimensions resulting in non-isomorphous crystals.
However, four useful heavy-atom derivatives were prepared following
soaks in EMTS (Hg), potassium tetrachloroplatinate (II) (Pt1 and Pt2)
and lead (II) acetate (Pb) (Table 1). Manual inspection of the isomor-
phous difference Patterson maps for the Hg derivative located a single
heavy-atom site. The heavy-atom parameters at this site were initially
refined using MLPHARE [41], and the resultant phases used to identify
a second Hg site. Phases calculated using the Hg positions were used
to identify heavy-atom positions in the other derivative crystals by
cross-phased difference Fourier methods. Two lead sites and three
platinum sites were found. The coordinates of the heavy-atom positions
in the Hg and Pb derivatives are identical, however, the positions of the
platinum sites are different for Pt1 and Pt2. The parameters of the
heavy-atom sites were refined and gave a final figure of merit for data to
2.12 Å resolution of 0.42. Table 1 summarises the phasing statistics.
The MIR phases were improved using DM which included solvent flat-
tening, histogram matching and Sayre’s equation options [14]. The
resulting electron-density map was of good enough quality to allow
about 55% of the structure to be traced, however, the remainder of the
model could not be built with any degree of confidence. The partial
model was used to determine the rotational and translational operators
required to relate the two P21212 (Native 1 and Native 3) and the
P212121 structures (Table 1). Phases were improved by averaging
among these three forms. The averaged map was of sufficient quality to
allow the complete polypeptide (residues 88–324) to be traced. A
more detailed analysis of the procedures followed will be described
elsewhere (KHGV et al., unpublished data).
Model building and refinement
Model building was carried out by manual fitting using the X-AUTOFIT
option implemented in QUANTA [42], interspersed with cycles of
REFMAC [43]. After a few rounds of refinement and manual interven-
tion the entire sequence of CysB(88–324) was built into the map. A
sulphate anion was modelled into a discrete piece of unoccupied
density located within the interdomain cleft. Refinement was carried out
against a 1.8 Å synchrotron data set (Table 2; Native 2) using
REFMAC with a test set of randomly chosen reflections (5% of total)
set aside to monitor progress by means of the free R factor. At the
beginning of refinement the R factor and the free R factor were 31%
and 35%, respectively. The final R factor is 17.9% and the final free R
factor is 24.6% for data in the resolution range 20–1.8 Å. No intensity
cut-off was applied to the data used during refinement. Water mol-
ecules were introduced manually into peaks in the electron-density
maps where hydrogen bonding criteria were satisfied. The final model
was carefully examined against a series of maps calculated with Fourier
coefficients 2mFobs–dFcalc and αcalc with successive segments of five
residues omitted from the coordinate set [43].
The final model of the monomer contains all residues from 88–324,
one sulphate anion and 253 water molecules. The stereochemistry of
the model is good; the rms deviations in bond lengths and bond angles
from ideal values are 0.014 Å and 1.9°, respectively. Table 2 gives the
final refinement statistics and stereochemical parameters for the model.
Figure 2b shows that the final model contains no outliers in the
Ramachandran plot. 
Accession numbers
Atomic coordinates for the refined CysB(88–324) model together with
structure factors have been deposited in the Brookhaven Protein Data
Bank with the accession codes 1AL3 and r1AL3.sf, respectively.
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